INTRODUCTION
The genetic structure of beech stands depends on selection and the mating system, in addition to gene flows and genetic drift; these factors induce an inter-and an intra-population genetic differentiation over space and time (Kim 1979 (Kim , 1980 MullerStarck, 1985; Gregorius et al., 1986; Cuguen, 1986; Cuguen et a!., 1988) .
Beech is considered as a climax species in most part of Europe where it grows in very different environments. Particularly in the southern part of its area, near the Mediterranean Sea, beech stands develop in very contrasted climates: Mediterranean or continental, and plain or mountain climates (Misic, 1957; Comps, 1972; Thiébaut, 1984) .
This environmental diversity favours the genetic differentiation of beechwoods by selection and genetic isolation due to phenological differences (Thiébaut et a!., 1982; Thiébaut, 1982, 1984; Thiébaut, 1984; N'Tsiba, 1984; Barrière et al., 1985; Comps et al., 1987) . Beech is a monoecious species which does not reproduce until it is at least 40 or 50 years old.
The species is anemophilous and mostly allogamic (Schaffalitzky de Muckadell, 1955) . In natural conditions (wind-pollination), the beech outcrossing rate varies between 090 and 100, with 095 on average (Merzeau et a!., in preparation) . This average is higher than the one (0.87) estimated in artificial conditions (controlled-pollination) by Nielsen and Schaffalitzky de Muckadell (1954) . In addition to self-fertilization, another component of inbreeding can intervene within beech populations. Gene flows are generally limited in the optimal range of the Beech because of the high density of beechwoods, thus reproduction likely occurs between closely spaced individuals and genetic structures could best be described by the "isolation by distance model" of Wright (1943 Wright ( , 1946 (Cuguen, 1986; Cuguen et a!., 1988) . This model induces an increasing relatedness between individuals among and within populations, therefore a genetic differentiation; it also contributes to this differentiation of beech populations by genetic drift. However, gene flows vary according to the age and the physiognomical aspects of the population (Thiébaut et a!., 1986).
The history of the Beech after the last glacial period is well known. Today's stands apparently spread out from an important source located in the Balkans and from several secondary sources in southwestern Europe (Oldfield, 1960; Paquereau, 1965 Paquereau, , 1970 Paquereau, , 1974 Beug, 1967; Sercelj, 1970; Jalut, 1974; Jalut et a!., 1975; Triat-Laval, 1978; Pons, 1983) . One beech generation is at least 60 to 100 years. Therefore, recently established beech stands have passed through few generations at their present sites. It seems that Beech has reached the different countries of its present range at various periods: southern countries (close to the Mediterranean Sea) since 5000 or 4000 BP and central European ones only since 3000 or 2500 BP (Vernet 1981) . Thus, a higher number of generations has passed in the south than in the north.
Genetic differentiation among and within beech stands seems to be much higher towards the south where climatic conditions are more heterogeneous, and the populations are older and their sources more numerous.
The allozyme variation of beech stands across Europe has already been analysed using only three loci. Allelic frequencies vary according to climatic changes for two peroxidase loci (PX-i and PX-2), particularly in the southern countries.* This fact may be partly interpreted as an effect of selection. For another locus (glutamate oxaloacetate transaminase, GOT-i), allelic frequencies do not vary as a function of environmental conditions but, are related to the history of the populations (Thiébaut et a!., 1982; Thiébaut, 1982, 1984; Thiébaut, 1984; N'Tsiba, 1984; Barrière et a!., Cuguen et a!., 1985; Comps eta!., 1987) . Other authors have studied the effects of selection between several generations (Kim, 1979 (Kim, , 1980 Gregorius et a!., 1986) or as a consequence of pollution (Müller-Starck, 1985) .
The aim of this paper is to investigate the genetic differentiation of beech stands in central and southern Europe.
MATERIAL AND METHODS

Sampling
The 140 sampled beech stands are distributed over a wide geographical range from Poland in the north * Conventionally, we will use the term "regions" when talking about the northern and the southern parts of the studied area, respectively characterized by continental and Mediterranean climates; "country" will be used in its proper meaning but also to name administrative subdivisions as Corsica, Serbia and Croatia.
as far as Italy and Corsica in the south; it includes Rumania and Bulgaria towards the east. The number of stands sampled in each of these two last countries and in Serbia is rather low, so we pooled them considering their geographical and environmental similarity. In each beech stand, plant material (buds and twigs) was sampled from about 50 non-adjacent trees chosen at random over a 3-4 ha area and in as homogeneous an environment as possible.
Sampling was carried out according to the heterogeneity of environmental factors ( fig. 1 
Biochemical anilysis
Extraction from buds and cortical tissues of twigs, electrophoresis and staining were performed using the techniques described by Thiébaut et a!., (1982) and Merzeau eta!. (In press ). The genetic variation of beech populations was studied using six polymorphous loci: PX-1, PX-2 (peroxidases), GOT-i (glutamate oxaloacetate transaminase), PGI-1 (phosphoglucose isomerase), MDH-1 (malate dehydrogenase) and IDH-1 (isocitrate dehydrogenase). The first four loci have already been used in West European beech studies Comps et a!., 1987) , the latter two are being used for the first time. Three loci (PX-1, GOT-i and MDH-1 possess two codominant alleles while the remainder (PX-2, IDH-1 and 
Mathematical analyses
The total genetic differentiation among all the beechwoods studied is partitioned into inter-and intrapopulation components. They were estimated using two methods based on allelic and genotypic criterions.
Allelic differentiation
We used a nested anova with arcsine transformation to test both the inter-region and intercountry variabilities of alelic frequencies. Then, the studied countries were compared in pairs using Tukey-Kramer's test (Dunnet, 1980) . However, even if this test is well adapted to multiple comparisons among pairs in case of unequal sample sizes, it is very conservative and sometimes hides differences which nevertheless seem to tally with biological reality. So that we also carried out a single classification anova in order to compare both series of results, even if we have increased the risk of a type 1 error. The total gene diversity (HT) was estimated using Nei's procedure (1973, 1977) :* HT= 1 -P where p, is the mean frequency of the ith allele, weighted by the sample size. HT is partitioned as HT = I-Is + DST where H and DST are the weighted average gene diversity within and among populations, respectively.
* As recommended by Nei (1973), we will use the word "gene diversity" instead of heterozygosity. Gene diversities were compared using only a non-parametric test because their distribution law is unknown. We tried to carry out multiple comparisons among pairs of countries, based on unequal sample sizes, using Noether's method (1976) which takes into account the experimentwise error rate (Sokal and Rohlf, 1981) ; but we sometimes found inconsistent results probably due to type II errors, the risk of which is unknown. So for all comparisons among pairs we used the Mann-Whitney test, even if we have slightly (low number of comparisons) increased the risk of a type I error.
Finally, we carried out a discriminant analysis (Escouffier et al., 1988) including all loci together (except PGI-1) to compare (1) the two climatic regions, (2) the different countries. Only one allele was taken into account for each diallelic locus and only two for each triallelic locus. The axis number equals the number of classes compared minus one, thus when comparing continental and Mediterranean regions, there is only one axis ( fig. 2 ).
Genotypic differentiation
Genotypic structures are often analysed using Fstatistics (Wright, 1965) . A relationship can occur between F-statistic values and gene diversity, especially when the latter is very low (Wright, 1951 and Cuguen, 1986) . One of the loci (PGI-1 generally reaches low diversities, thus it often transgresses the assumption of independence from F-values. FIT is an estimation of the total genotypic differentiation and as for gene diversity, it is partitioned into intra-(F1) and inter-(FST) population components.
Estimates of the F-statistics were computed according to the method of Weir and Cockerham (1984) . They are weighted by the sample size, the variance and the number of stands studied. For each F-statistic, a variance was estimated using a jackknife procedure allowing us to determine whether each F-value is significantly different from 0 and to test deviations between two regions.
RESULTS
A lie/ic differentiation
Heterogeneity between regions and among countries within regions Allelic frequencies differ significantly among countries, whatever the locus may be but not between the two climatic regions, except for MDH-1 (table   2 ). In the whole area, gene diversities are rather high for four loci, not for GOT-i (HT= 0.175) and for PGI-1 (HT=0045) (table 3). The intrapopulation component is always higher than 90 per cent.
The gene diversity is significantly higher in the Mediterranean stands only for GOT-i locus (P < 0.001) and significantly lower for IDH-i and MDH-1 loci (P<0.OOi). This confirms results concerning the allelic frequencies of MDH-i S.. locus; also we found O.05<P<010 for the two most frequent alleles of IDH-1 (table 2). The discriminant analysis including all loci except PGI-1 ( fig. 2) shows a difference between the two climatic regions, however their discrimination is not quite complete. IDH-1 locus is the most responsible for this discrimination.
Comparisons between countries
Results differ according to the locus considered:
PX-1. The allelic frequencies and the gene diversities vary according to the variety of climates GOT-i and IDH-1. The gene diversity reveals a latitudinal opposition between the northern and the southern parts of the studied area (table 3) ; however, Mediterranean Croatia does not generally differ from the continental countries. These two locus diversities vary in an opposite way: GOT-i diversity increases from the north to the south whereas IDH-1 one decreases. (the axis III explains 2072 per cent of the variance): it completely confirms the discrimination between the two southern groups of beech populations (in Italy and in Corsica) and all the others.
Genotypic differentiation Multilocus estimates of F-statistics required balanced data in all loci. Therefore, the PGI-l locus was not taken into account because of the low number of Polish beech stands examined for this locus. In addition, the procedure for the IDH-1 locus has recently been improved, so it was not possible to analyse it for all the sampled stands. F-statistic estimations were therefore carried out on those 99 beechwoods for which results at all loci are complete. All mutilocus estimates differ from 0 (P <0.05) over the whole area as well as in continental and Mediterranean regions and in most countries (table 4). All F1 values are positive; also they are higher than FST values except in Czechoslovakia and Corsica. As for diversities, the intrapopulation component of the genetic differentiation is higher than the inter-one.
The number of beech stands and trees we studied varies from one country to another; thus, it is better to only compare the genotypic differentiation (F1, ST and FIT) of countries having similar sample sizes. In countries with lower stand numbers, intra-and interpopulation differentiation tends to be lower towards the north in Poland than towards the south in Italy (table 4) climatic conditions whereas this differentiation can differ between two countries within one climatic region.
DISCUSSION AND CONCLUSION
The arguments put forward in the introduction concerning the origins of the beech populations suggest that there has been more opportunity for the development of genetic differentiation within and among populations in the south than in the north of the range.
Alie/ic level Inthe whole area, some loci (PX-1, PX-2, MDH-1 and IDH-1) are very polymorphic; GOT-i locus is less polymorphic and PGI-1 locus is nearly monomorphic. Allelic variations of PX-1 and PX-2 loci were shown to be partially related to climatic changes. For PX-2, they are related to the altitudinal range of the beech stands. For PX-1, the gene diversity is lowest within countries where all beechwoods grow under optimal climatic conditions; it is highest in Croatia where both optimal and extreme climates for the Beech can be found. In some of our previous works about other southern countries far apart from each other, we also found variations of PX-2 allelic diversity according to the attitudinal range of the stands (Thiébaut eta!., 1982; Thiébaut, 1984; Barrière et a!., 1985; Comps eta!., 1987; . For PX-i, we showed a positive correlation between the climatic conditions extreme for the Beech (at high and low altitudes) and the highest values of PX-1-105 frequency. These previous results suggested the possibility of a selection effect as we always observed the same allelic variations in connection with the same climatic changes, as for other species (Clarke, 1975; Bergmann, 1978) . In another study (yet unpublished), we found a significant correlation between the highest frequencies of PX-1-105 allele and the driest stands of the Mediterranean slope of the Dinaric Alps in Croatia. The discrimant analysis based on all loci confirms the significant differences between continental and Mediterranean regions.
Among countries, the discriminant analysis displays four pools of beechwoods for which discrimination is rather good but not complete: (1) in Poland, (2) in Czechoslovakia, Bulgaria+ Rumania+ Serbia, Croatia, (3) in Italy and (4) in Corsica.
Considering other studies on genetic differentiation of anemophilous forest tree species, the interpopulation component of the diversity is generally found lower than the intrapopulation one and varies between 0 and 15 per cent (see review in Gullberg et a!., 1985) . In this study, it varies from 42 to 95 per cent over the whole area and it is lower than the intrapopulation component both in continental and Mediterranean regions. Nevertheless, it is the highest in the Mediterranean region for all loci except PGI-1. This suggests the following remarks:
(1) Almost all results are rather similar in spite of different calculation methods, population size and locus number. This homogeneity expresses a similar behaviour of allogamic and anemophilous forest tree species (conifers as well as deciduous species like the Beech) for which the intracomponent of the diversity is clearly higher than the inter-component because of important gene flows from one population to another. The results can be related to the hypothesis assumed for the Beech regarding the higher age of southern populations and it is known that these populations had been spread out from several secondary sources isolated from each other during glaciations. In addition, the three studied Mediterranean countries are rather separate from one another and more or less from other countries of central Europe: Corsica is entirely isolated by the sea, also Italy by the sea along most of the country and by mountains in the north; Mediterranean Croatia is separated from Italy by the Adriatic sea but much less from the continental Croatian slope of the Dinaric Alps. This may have reduced the postglacial exchanges between the three Mediterranean countries but not migrations from Mediterranean Croatia towards central Europe; so, it can explain the observed discriminations. The degree of isolation and postglacial migrations must be taken into account in Europe because they can also play an important role in the genetic differentiation of beech populations. Multilocus estimate of F1 is lower than that obtained by Cuguen et a!. (1988) (F15 =0065 and 0120, respectively); this may be due to the two new loci (IDH-1 and MDH-1) being used in our study which possess similar variations but with a contradictory trend. Inmost studied species, values of FST tend indeed to be lower than 0100 and provide evidence that genotypic heterogeneity is generally rather low. The Beech shows the highest estimates among the anemophilous forest tree species, with only two exceptions: Pinus banksiana and Pinus halepensis which reach values about 0120 (Grunwald et a!., 1986; Dancik and Yeh, 1983; O'Reilly et a!., 1985; Plessas and Strauss, 1986) . Higher values of ST could be due to the larger area and higher number of investigated stands but, however, any generalization is not possible regarding the lower number of loci.
(2) A general tendency towards a heterozygote deficit. As pointed out by Brown (1979) , allogamic species often exhibit a heterozygote deficit. Among the different causes he listed, two can be applied to the Beech, selfing and isolation by distance: (a) referring to the low level of self-fertilization rate of the Beech (from 0 to 005, Merzeau et a!. in preparation), self-fertilization can explain only a small part of the observed heterozygote deficit. (b) Cuguen et aL (1986) formulated the "isolation by distance" hypothesis as the most important cause of heterozygote deficit in Beech.
According to our previous hypothesis, the genotypic differentiation within and among populations tends to be higher towards the south. The differences between continental and Mediterranean regions are, however, not significant. This may be due to the applied method (jackknife procedure) or the lower number of investigated populations in some countries with higher ecological differentiation (e.g., Rumania, Bulgaria, Serbia, Poland).
Finally, three causes, selection, gene flows and the mating system have been proposed to explain the genetic differentiation of beech populations.
But, it is rather difficult to rank them according to their significance.
